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Tunable Excimer Lasers

Robert C. Sze
Los Alamos National Laboratory

Los Alamos, New !fexico 87545

Abstract

The ~ide bandwidth nature of the rare-gaa halide excimer transitions allow reasonable
tuning of the laser oscillation wavelength that makea it useful for a number of
applications. At the same time this wide bandwidth makea narrow band operation difficult
and special techniques are needed to insure narrow frequency lasing aa well as absolute
frequency resettability. I will diacusa briefly soma of the classical frequencv n~rrowing
techniques and then go on to qome recent work that require lasers of special frequency
characteri~tics for special applications including KrF laser fusion.

Introduction

I will first briefly discuss the limits of tunability and of desired output frequency
spectrum characteristics due to the physical limitations that are characteristic of the
particular excimer laser transition. Specific techniques for frequency narrowing are
similar to those of flash-lamp pumped dye lasers. The difficulties of the shorter
operating wavelengths are primarily related to the availability of comparable dispersive
elements as compared to those for the visible spectrum. Hzwever, this situation is getting
better everyday. The ❑any techniques for frequency narrowing and tuning aa well as che
benefits of long-pulse laser operation on frequency narrowing have previously been
discussed [I], I will give ~ome recent results on frequency narrowing for short pulse
laser~ to give a feel for what our expectations can be for excimer laser devices. Finallv,
I would like to di~cuas some recent work on two frequency operation that have applications
to laaer radar detection of atmospheric species [2] and to the shaping of broad-band
coherent sources [3] in the kilojoule regime for KrF laser fusion experiments.

Physical Limitations

The ability of a particular rara-gas halide transition to tune depends in larqe part
on the nature of its ground state potential. Although the ground state (X) is basicallv
dissociative, van der Waal’s forces can create a potential well in varying degrees in the
different rare-gas halide molecules. These vary from the cases of KrF [4], ArF [51, KrCl
[6] and IeBr [7] which are dissociative with relativel) non-mtructure~l wide bandwidth

fluorescence to slightly bound ground states for XeCl iappro:. 200 cm well) [b] with
t.uureacence to five or more lower vibrational states and broad-band lasing to four of
these St tes,

-?
and finall~ to tightly bound states in IeF which has a fairly deep well of

1065 cm giving structured but still fairlv broad fluorescence [8] although re~ulttnR in
discrete narrow line lasing.

As an e~ample of a amo:~h fluorescence ~pectrum the full width at half maximum
btindwidth for KrF 1s 400 cm (Fig. 1). The fluorescence linewidth iJ not completely
determined b? the mhape of the ground st~te potcnti-1: there are significant (althouSh not
Iarue) ccntr~butions due to higher vibrational levels of the upper laser state. Because of
‘hv higher vibrational state contributions and the *hmpe of the ground state potential the
[luorescenca line ~hape is not coapletel~ ~ymmetrical, but the B-X molecular tran~ition by
and larhe behavea as a homogeneously broadened system.

This, hokever, ia not true as one tries to Lune through the total fluor~~c~nce
~~nndwidth of the XeCl B-X symt-m. The trnnsitionm to each vibrational lower ~tate !vehav-~
hnmogeneou~lr but radiation wavel~n~tha to different ground state vibrational t(’an~itions
behave lnhomogeneouel~, This observation impllea that the lower ~tate vibratinnnl IPVPIS

do not mix weIl in gain ttmea under conaideratlon (25-35 na). The problem does not Iie ifl
the abillt~ to tune throush the fluorescence handutdth in an oscillator hut in th~
~uheequont amplification to high energies. Thin la because th~ gain at one frequ?n(-v ioeq
not decrease homogeneoumlv when the medium in ~nturated b~ ficlda at another fr~qu~ncv
when th~ two frequencies acceea different ground state vibrational levbla. In ,lln~le PSS$
nmpllf i cation ~.hi$ shown up am An innbility to suppres~ amplified spontnneou% •m!~~iln IL
other wavelength other than the infected wavelength. Uhen the ampliflcatlon Is p~rf,)rm~’lj
in n reaanerative nmplifi-r e,)nfi~uratlon !h@ problam can become much more *@v@r*. :t

becomes neceaxnry to pick n Inrge enough magnification for the unatablo resonnt{)r )pti~<
~0 that the unattenunted gain nt other wavelength than the infected wavelength (III m)! MI
Intn I*ser onclllnt ion,
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Although it is not possible to go into great detail here, it is naceasary to 9ay a
few words regarding the apparent contradiction of the above statements to recent
interpretations of some femtoseconds gain dynamics measurements performed by S. Szatmari
and F.P. Shafr [9,!0]. Szatmari and Shafer used 220 fs pulses to saturate the IeCl and
KrF B-X transitions and then followed with a small signal variable delayed gain prcbe.
They observe in XeCl a sharp drop off in gain due to the saturating field with a very
quick recovery of 65% of the gain within 53 PS. Full recovery of the gain takea a few
nanoseconds due to repumping of the upper state by the discharge. The initial gain
recovery can be interpreted as refilling of the upper state via rotational relaxation
orfand collisional dissociation of the lower state. For a 53 ps lower state dissociation
rate one will iqqui~~ a dissociation rate congtantgl~n c~llisions with the buffer gas
(density at 10 cm ) at 20 times gas kinetic (10 cm /s). in lieu of similar initial
gain r:covery times in KrF which does not have a bound lower state, it is likely that the
effect is due to repopulation of the upper state from rotational relaxation. I feel the
lower ~~ate di~gociation rate may be substantially lon$er. Szatmari and Shafer measure
quantum beats between the two lower states with a period of 1.28 pa and a damping time
constant of 12 pg. They believe this damping time constant to represent the population
redistribution time of the lower states. In light of the fact that transitions to
different lower states behave lnhomogeneously, the lower state population redistribution
time need to be slow compared to the dissociation time so that the lower state populations
are not mixed. This is really not inconsistent with the femtosecond studies as the damping
time constant of the quantum teets only require dephasing collisions and not collisions
tha: change states.

A second limitation is the presei.ce cf discrete line absorption within the gain
bandwidth of Lhe broad-band transition. The existence of an abaorber in KrF which
initially we thought due to CF2 is shown not to be ao from Fig.1. Presently, the
speculation is that this is due to excited st~te absorption which means it will be
extremely difficult to minimize end impossible to eliminate. This abso~ ~tion preseots
problems in tuning and broad-band lasing. ArF happens to be in the reg.~n of the Shuman-
Runga band of O.. Large frequent? holes develop in the lasing line if there is air within
the optical cavfty or the propagating path [4].

Freauency Control of Excimer Laaers

The fact that ●xcimer laser transitions ~re an extremely efficient and powerful
sou:ce of ultraviolet radiation ❑akes it an ultraviolet source of choice for .applicationq
chat require moderate to high etlergiea or av~rage powers. The very high single photsn
•n~rgies make it a unique source for photochemical application aa the single photon
e:lergy is sufficient to break many chemical bonda. The wide bandwidth nature of Lhe
cr~asitions typicall} nllowa for tunability of over 30 angatrom~ ag well as wide bandwidth
,oqclllation that eliminate apacial coherance structuroa which are problems in certain
ap?:ication~o

The requirement for narrow llnewidth and frequency resettability is not only l,mlt.ed
to hitting absorption reaonanceu in molecules and atoms but for very important in~iustrial
pruce~se~ such as semiconductor photolithography. The etri.~gent frequenc~ requirements for
phot~lithography resulte from tnn frequency dependent nature of the index of refraction of
optical element9. Thue, when line widt,ha of the size of the wavelengths of ~h~
illuminating source is to be written on semiconductor devices the source linewidthq fin(;
the aba)lute laser wavelength cannot drirt more than 1 to 2 Picometers. For t~yae who like
to chink in other units aa this author does, this ttanalates to .06 to .12 cm 9r 1.8 L>

3.b G}lz linewidth.

i“requenc~ nnrruwing and tuning have been done with etalons, prisms and qraL!n~9.
l’~usllv etal,ona are angle rather than proseure tuned. For the wide band trmn~itionq of thp
excim~t Iaaera generally more thmn one ●talon are needed to narrow the llnewidth
*uffi?iently for many appl(catiunu. Our experi~nce ha. ahown that when three etal~rls art,
u9ed to ac+ieve a particular linewidt.!l. the lnnertlun loss becomes ~o high that unl~ss tl,e
ctalncs really are of vary high ~uallt~ competition) betw~en the line narrow?d feedhmck
signal and ampllfi-d apor.taneoua emi~aion b~comem n severe prubltm. Tuntnfl (~ s“nerall~
very complicated nnd require synchronization nf ail the angles of the etaiona. l’hi$ is
$enerallr done with computer control. Priamt arY used both as diaparsion elements ~nd AS
hm~m ●xpanderl, often h?am expnnder~ are used in ~onju~lctlcn with lurgc Ar?m ~rsrinu~ t{]
insure that the total lenSth of the Rrnting la utilir.ed. I’he uae of grnting~ nre !,ypi,’nllv
i!t two configur~t ions coupled with othar frequency s@lOct i~e elementn within the ,:nvl(Y.
;ume of these confi~ulmtions hnve been dimcumaod prevlou~; y br SZ@ ●t al. [1). ~)11~
conft~urat,lon 1- to urnc the UratinR in glancing ‘ncidence. ‘T!le first order ●ratter fr’)m
the $r~tin~ 1s then fed brick inr,o !h~ cavlt~ for fraquencf narr~)w~nil nrld “~ntr~ll. ‘T(IIIIIIK
1* ncrnrnpl i shed br tunln~ thm f~ed-bnck mirror. when the iIrntin8 is ‘ary larHe (the l’)rX@r
the ar@e of * Urmting the narrower the linewldth) the ~lancinR lrlcld@n:e nnale 1-’ verv
Ihnllllwm [n tt~~~~ situn(ions the firmt ord?r ncntter (’nt~ he 1.)0 w~nk ‘O I’ffF(’!lVrlY
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compete against amplified spontaneous emiaaion. The solution to this is to use beam
expandera so that the gracing can be completely flooded by the laser at more reasonable
gracing incidence angles to insure greater light scattering off the first order of the
grating. The limit of this is to expand the beam large enough so that the grating can be
completely flooded with the grating angle set at Littrow configuration where the first
order scatter : , directly fed back to the laser,

Figure 2 gives an example of the linewidth after grazing incj.dence tuning at KrF (2L8
nm) wavelength by a two inch long grating having 3290 grooves per millimeter and sending
it subsequently through a single pass amplifier wit ~ resultant output power of 25
❑illijoules. The linewidth achieved here is .2 cm- . using another grating in the Littrow
configuration f?r the first order feed back mirror of the glancing iricidence grating, we
achieve .14 cm-” which nearly meets the requlrementa fo
rings are the laser output after passing through a 1 cm

-f a photolithography source, The
analyzing etalon. Freauency

res.ettabilicy or the need of the ncrrowed line source not to drift by more than 1
picometer is presently done by locking the caviry to a wavemeter set to a specific
frequency,

It is possible to tune the excimer lasera to more thsn cne wavelength with an etalon.
This is done by setting two ecalon modes equally sp+ced about line center if che gain is
9vmmetrical; otherwise, one straddles line center so that the two etalon modes access two
regions of equal gain. As one tunes off this equal gain situation, the higher gain etalnn
mode will take over and only one wavelength region will cscillate. In practice it is verv
easv to keep :he laser operating in two mode .-~ Figure 3 shows the oscillating ~,avelength
for KrF aa an intra-cavity etalon of 225 cm separation and 50% reflectivity is angle
tuned through the total bandwidth of the etalon. There is another important ●ffect which

is illustrated in the figur~land that is the effect to tuning due to the existence of a
small absorption some 95 cm off line center as was shown in Fig.1. We see that the
absorption prevents lasing in rhat region. This puts important limits to the operation of
w~de bandwidth lasing in KrF, Possible application for this two wavelength source is its
use as an input into large amplifier systems to produce broad bandwidth laser for fusion
re9earch and as a possible source for d fferentitil LIDAi! applications [10]. Figure 4 shows
two frequency operation u9ing a 118 cm -i etalon of 80 % reflectivit~, (a) shows the output
out of the oscillator and (b) shows the output after single pass amplification with
energies per pulse at 25 millijoules. qigher etalon reflectivities will result in narrower
linewidth~. We can tune one wavelength o an absorption of the species und-r investigation
while the other wavelength will meaaure other atmospheric scattering (Flieu nr Rutherford).
Tuning needs to be done by changing the etalon separation, When the two frequency
operation is very closely spa ed ❑ ore

-i
than one etalon will be requ~r-d. Figur~ 5 shGwY t~o

wnvelenglh operation (of 2 cm (60 GHz) reparation by ueirt~ 75 cm- and i cm- intrd-
cavit~ etalon9, (a) shows the ring patterns u~l.ng a 10 cm analyzing etalon ani (b) shows
the temporal waveform after propagation through the amplifier.

The idea for generating broad-band sourcua after ampliftcatton through the Aurord
fusion amplifier begins with a frequency shaped pulse out of the oscillator. The
oscillator pulse is generated using e fairly low reflectivity intra-cavit) ●talon tuned
for two frequenc~ cperation, The etalon separation wili be the deeired width of the broad-
band ~ource, The use of a low reflectivlt~ etalon is to establish enough radiation between
.he ctalon wavelengths so that amplification at c’s higher gain regions near line center
and amplific~tion at the lower gain r~slona at the etalon wavelengths will reach the ~nrne
tntertslt,y after passage through the mmplifier ‘haln. A propagation code [11] and
*rrperimentnl verification of the tote [3] have been developed and ●tudled. The rertults of
the code calculations for the propagation of difterent bandwidth so-yrces through the
Aurora laser syste~lhave been undertaken [12] and ahowa the 100 cm bandwidths ,{re e,Isily
obtainable. .)()() c 10 bandwidth are theor~tically obtainable wil.h .scfdltional fi!terinj
etalons in the earlf qt~~ea of amplification, However, In reality the bnr,dwidth~ ~rc
Iimlt.ed to below 17~J cm due to the pr~oence of the nbsorber mentioued enrller,

Discussion—--.—
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F18ure ~. ~razing incidence gratin8 line narrow ng in KrF with q 3~9~
-1

g/xm holographic grating. Observed with a 1 cm ●talon.

Oscillator Tuning Wlth225cnf’Etalon
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OUTPUT FROM OSCILLATOR

OUTPUT AFTER AMPLIFICATION
[LAM3DA]

(a) (b)

Figure 4. Two frequency operation in IrF with a 118 cm
-1

etalon of 90
~ reflectivity. (3) spectral output from oscillator. (b) spectral
o,~tput after a single pass through an amplifier giving 25 mj per pulse
energy.

operation in KrF with 2 cm -1
(60 GHz~,

e tuned lntr~c~vity etalons ,Jf 75 cm and 2
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